Semaphorins 3A and 3F are axon guidance proteins during nervous system development. Their expression pattern and function outside the nervous system are unknown. Neuropilin 1 and 2 (NP-1, NP-2) are natural ligands for semaphorins 3A and 3F, respectively. NP-1 is also a coreceptor for vascular endothelial growth factor (VEGF) required for normal vascular development. We showed that VEGF is a direct chemoattractant for glomerular endothelial cells towards developing nephrons. To examine whether semaphorins could modulate VEGF endothelial cell guidance cues in the developing kidney, we studied the expression of semaphorin 3A and semaphorin 3F and their receptors NP-1 and NP-2 in the kidney during ontogeny using Northern blot analysis, in situ hybridization, Western blot analysis and immunohistochemistry. All four genes are developmentally regulated, with abundant expression during organogenesis and downregulation in the adult kidney. Semaphorin 3A and 3F are expressed by podocytes and tubules whereas their receptors NP-1 and NP-2 are localized to endothelial cells. In vitro, renal tubular epithelial cell lines (tsMPT, IRPT and MDCK) and glomerular endothelial cells express both semaphorins and their receptors, suggesting the presence of an autocrine system. The distribution of the receptors NP-1 and NP-2 in endothelial cells and developing vessels is complementary to that of the ligands in adjacent epithelial cells during kidney development. The sum of the guidance cues provided by VEGF and semaphorins 3A and 3F may be important determinants of the pattern of endothelial cell migration during kidney morphogenesis. q
Semaphorins are secreted and transmembrane proteins that function as axon guidance proteins during nervous system development, causing axon repulsion in most cases, although they can provide chemoattractive cues (Raper, 2000; Polleux et al., 2000; Song et al., 1998; Chen et al., 1999) . Semaphorins are expressed widely in the mouse during organogenesis; their distribution and function outside the nervous system are unknown (Behar et al., 1996; Raper, 2000) . In the developing lung semaphorins are involved in branching morphogenesis (Kagoshima and Ito, 2001) .
Sema-3A and sema-3F are secreted proteins, the natural ligands for neuropilin 1 (NP-1) and neuropilin 2 (NP-2), that cause growth cone collapse and provide chemo-repulsive guidance for migrating axons (Kolodkin et al., 1997; Chen et al., 1997; Nakamura et al., 1998) . Sema-3F competes with sema-3A for NP-1 binding (Chen et al., 1999) . When sema-3F binds both neuropilins the chemo-repulsive effect is abolished (Chen et al., 1999) . Sema-3A also induces inhibition of endothelial cell migration and apoptosis (Miao et al., 1999) . Sema-3A competes with vascular endothelial growth factor (VEGF) for NP-1 binding in endothelial cells (Miao et al., 1999) . NP-1 is required for embryonic vessel formation (Kawasaki et al., 1999) . Since VEGF induces endothelial cell migration via Flk-1 (Tufro, 2000; Ferrara, 2001 ) and this effect is potentiated by NP-1 acting as a co-receptor (Soker et al., 1998) , sema-3A probably inhibits endothelial cell migration by displacing VEGF from the receptor complex.
Results and discussion
We examined the expression level and localization of sema-3A and sema-3F and their receptors NP-1 and NP-2 in the developing mouse and rat kidney and determined which renal cell types express these proteins. Sema-3A and sema-3F mRNA levels are higher at E14 and newborn than in adult rat kidneys (Fig. 1) . Sema-3A and sema-3F (Fig. 2) . Their expression is widespread at E12.5 in the mouse and E14 in the rat. Sema-3A and sema-3F mRNAs are detected in S-shaped bodies and ureteric buds at E15 and E17 in the mouse. At E17 in the mouse and E19 in the rat both semaphorin mRNAs are expressed in glomerular visceral and parietal epithelial cells as well as in the basolateral aspect of developing tubules. This peculiar mRNA distribution could be due to RNA transport. An artifact is unlikely since the tissue from all stages of development was processed identically. The co-localization of sema-3A and sema-3F during kidney organogenesis suggests overlapping or cooperative function. In adult kidneys mRNA expression of both semaphorins is limited to podocytes and the luminal aspect of collecting ducts and distal tubules.
In embryonic kidneys NP-1 and NP-2 are several fold more abundant than in newborn and adult kidneys (Fig.  3) . We detected two NP-1 isoforms of 180 and ,120 kDa in embryonic kidneys whereas in older kidneys NP-1 has the expected size (120 kDa) (Kolodkin et al., 1997) . The larger NP-1 isoform could be due to complexing with another protein or dimerization of soluble NP-1 (90 kDa) (Gagnon et al., 2000) by thioether bonds resistant to standard denaturation procedures. NP-2 has the expected size (132 kDa) at all ages studied; duplet bands observed in newborn and adult kidneys may be due to different glycosylation (Chen et al., 1997) . In developing kidneys NP-1 and NP-2 are detected in endothelial cells surrounding S-shaped bodies, in the vascular cleft and later on in glomerular capillaries and arterioles during kidney vascularization (Fig. 4) . In adult kidneys NP-1 and NP-2 expression is limited to peritubular capillaries and some glomerular capillaries (Fig. 4) . This expression pattern is very similar to that of Flk-1, the major signaling VEGF receptor (Tufro et al., 1999) . Our findings regarding NP-1 differ slightly from those of Robert et al. (2000) in that we found very little NP-1 expression in glomerular capillaries in adult kidneys. NP-2 expression, described here for the first time, overlaps with NP-1 localization. Thus, the localization of the ligands, sema-3A and sema-3F, and their respective receptors NP-1 and NP-2 is complementary throughout kidney development, suggesting paracrine interactions of these molecules during organogenesis. Interestingly, sema-3A and sema-3F transcripts co-G. Villegas, A. Tufro / Mechanisms of Development 119S (2002) S149-S153 S150 Fig. 1 . Ontogeny of sema-3A and sema-3F in the kidney. Northern blots show mRNA levels in embryonic day 14 (E14), newborn (NB) and adult (A) rat kidneys. A total of 10 mg total RNA was resolved per lane. Transcript sizes are indicated in kb. (Top) Sema-3A mRNA; (middle) sema-3F mRNA; (bottom) GAPDH mRNA for loading control. Fig. 2 . Localization of sema-3A and sema-3F mRNAs in the kidney during development. Flk-1 (1/2) mouse kidneys (Shalaby et al., 1996) aged E12.5 to adult show semaphorin transcripts in S-shaped nephrons, visceral and parietal glomerular epithelial cells and tubular cells (purple-brown) and bgalactosidase stained (blue) endothelial cells. Sema-3A (left) and sema-3F (right) localization is very similar and does not overlap with endothelial cells. At E19 in the rat sema-3F localizes to the basolateral aspect of Sshaped nephrons and developing tubules; at all other ages the localization of both mRNAs in the rat kidney is identical to the mouse (data not shown). In adult kidneys sema-3A and sema-3F mRNAs are detected exclusively on the luminal side of collecting tubules and in podocytes. The original magnification is £ 400 in all pictures. localize with VEGF whereas neuropilins co-localize with VEGF receptors Flk-1 and Flt-1 (Tufro et al., 1999) , raising the possibility of combinatorial interactions among them. In vitro, VEGF binding to NP-1 potentiates Flk-1 signaling whereas sema-3A competes with VEGF for NP-1 binding and results in inhibition of endothelial cell migration and apoptosis (Soker et al., 1998; Miao et al., 1999) . If sema-3A and sema-3F have similar functions during kidney organogenesis they could play a role in patterning endothelial cell migration as well as controlling endothelial cell number by modulating apoptosis (Bagnard et al., 2001) . Further studies are in order to elucidate these potential functions of sema-3A and sema-3F in kidney development.
In contrast to intact tissue epithelial cells, proximal tubular epithelial cell lines IRPT, tsMPT and MDCK from rat, mouse and dog (Tang et al., 1995; Loghman-Adham et al., 1997; Gaush et al., 1966) as well as mouse glomerular endothelial cells (MGEC) (Tufro, 2000) express NP-1 and NP-2 protein in addition to sema-3A and sema-3F mRNA, as indicated by Western and Northern blot analysis (Figs. 5 and 6).
In summary, sema-3A and sema-3F mRNAs are expressed in renal epithelial cells in a developmentally regulated manner, such that their abundance decreases as maturation proceeds and their localization becomes limited to podocytes and specific tubules where the transcripts shift from basolateral to luminal aspect of the cells. NP-1 and NP-2 are localized to endothelial cells throughout kidney development, their abundance also decreases and their localization is limited to peritubular capillaries in adult kidneys. Transformed tubular epithelial cell lines and primary glomerular endothelial cells express sema-3A and sema-3F mRNA as well as both NP-1 and NP-2, suggesting that an autocrine system occurs in vitro.
Methods
Sema-3A and sema-3F mRNA levels were examined by Northern blot analysis as described previously (TufroMcReddie et al., 1997) using full-length sema-3A and sema-3F cDNAs (Chen et al., 1997; Behar et al., 1996) . Sema-3A and sema-3F mRNA localization was examined in rat kidneys (E14 through adult) and Flk-1 (1/2) mouse kidneys (E12.5 through adult) by in situ hybridization in paraffin embedded tissue using DIG-labeled riboprobes (Roche Diagnostics) following the manufacturer's instructions. DIG-labeled probes obtained from full-length sema-3A and sema-3F cDNAs were hydrolyzed to obtain 300-500 bp cRNAs. Sections were counterstained with Neutral Fast Red (Vector). Kidneys from Flk-1 (1/2) mice were fixed in paraformaldehyde 1 glutaraldehyde and processed for bgalactosidase staining prior to paraffin embedding to identify endothelial cells (Shalaby et al., 1996) .
NP-1 and NP-2 protein expression levels were assessed by Western blot analysis in the kidney during ontogeny, in renal tubular epithelial cell lines IRPT, tsMPT and MDCK G. Villegas, A. Tufro / Mechanisms of Development 119S (2002) S149-S153 S151 (ATCC, Bethesda, MD) and in MGEC; NP-1 and NP-2 distribution was examined by fluorescent immunohistochemistry using anti-rat NP-1 and NP-2 polyclonal antibodies (Kolodkin et al., 1997; Cloutier et al., 2002) as described (Tufro-McReddie et al., 1997) . This anti-NP-1 antibody does not discriminate between NP-1 and soluble NP-1 (Gagnon et al., 2000) . Negative controls for immunohistochemistry were absence of primary or secondary antibodies and substitution of primary antibody by rabbit serum. Ethidium bromide staining and hybridization with a GAPDH probe verified equal loading (data not shown). Northern blots show that sema-3A and sema-3F mRNA levels in immortalized rat proximal tubular cells (IRPT), and immortalized mouse proximal tubular cells (tsMPT) are similar whereas they were lower in canine tubular cells (MDCK) and sema-3F expressed only the smallest transcript. This may be due to decreased species homology of the probe. 
